Memory impairment progressing to dementia is the main clinical symptom of Alzheimer's disease (AD). AD is characterized histologically by the presence of ␤-amyloid (A␤) plaques and neurofibrillary tangles in specific brain regions. Although A␤ derived from the A␤ precursor protein (␤-APP) is believed to play a central etiological role in AD, it is not clear whether soluble and͞or fibrillar forms are responsible for the memory deficit. We have generated and previously described mice expressing human wild-type ␤-APP751 isoform in neurons. These transgenic mice recapitulate early histopathological features of AD and form A␤ deposits but no plaques. Here we describe a specific and progressive learning and memory impairment in these animals. In the Morris water maze, a spatial memory task sensitive to hippocampal damage, one pedigree already showed significant differences in acquisition in 3-month-old mice that increased in severity with age and were expressed clearly in 6-month-and 2-year-old animals. The second transgenic pedigree displayed a milder impairment with a later age of onset. Performance deficits significantly decreased during the 6 days of training in young but not in aged transgenic animals. Both pedigrees of the transgenic mice differed from wild-type mice by less expressed increase of escape latencies after the platform position had been changed in the reversal experiment and by failure to prefer the goal quadrant in probe trials. Both pedigrees performed at wild-type level in a number of other tests (open field exploration and passive and active place avoidance). The results suggest that plaque formation is not a necessary condition for the neuronal ␤-APP751 transgene-induced memory impairment, which may be caused by ␤-APP overexpression, isoform misexpression, or elevated soluble A␤.
A
lzheimer's disease (AD) is a progressive dementia characterized clinically by a specific pattern of memory impairment followed by more global cognitive deficits. Diagnosis is confirmed histologically by the presence of ␤-amyloid (A␤) containing plaques and of neurofibrillary tangles. A␤, derived from the ␤-amyloid precursor protein (␤-APP), plays a central etiological role in the disease (reviewed in ref. 1) . A number of mutations in the ␤-APP gene are linked to familial AD (FAD) in an autosomal dominant fashion with complete penetrance, and a large collection of presenilin-1 and -2 mutations linked to FAD all are associated with elevation of A␤s 1-42 (2) . Extracellular ␤-APP and large derivatives generated by an ␣-secretase activity cleaving a site within the A␤ domain have been shown to have neuroprotective and other effects in vitro and in vivo (3) (4) (5) (6) , whereas intraneuronal ␤-APP has been shown to inhibit heme oxygenase-2, which produces large amounts of bilirubin, a major endogenous antioxidant in the brain (7) . A␤ constitutes a collection of peptides of 39-43 residues in length that can assume a number of oligomeric and aggregated forms. A␤ has been shown to be neurotoxic in vivo and in vitro (8) (9) (10) (11) . However, whether fibrillar forms such as those found in plaques, soluble forms, or intracellular peptides are more deleterious remains controversial. Similarly, whether A␤ plaques are a pathogenic entity composed of toxic amyloid, are merely benign, or are even a beneficial mechanism for sequestering A␤ is unresolved (12) (13) (14) (15) (16) . Recent elegant studies by Janus et al. (17) and Morgan et al. (18) using A␤ vaccination strategy demonstrated that reduction in brain amyloid burden alleviates certain learning impairments in animal models of AD, suggesting that A␤ plaques are a factor contributing to cognitive deficits in AD.
A growing set of ␤-APP-overexpressing mice have been generated as models for aspects of AD (19) (20) (21) (22) . A number of these, all of which express high levels of FAD ␤-APP in neurons, form abundant A␤ plaques. These mice have proven to be impressive models for A␤ deposition in that the anatomical pattern and microanatomy of the plaques recapitulates those in AD patients. ␤-APP mice expressing wild-type (WT) human sequence, rodent sequence with or without FAD mutations, or lower levels of the transgenic product do not form plaques. We have generated and previously described mice expressing lower levels of human WT ␤-APP 751 in neurons (neuron-specific enolase:␤-APP 751 ; ref. 23) . Histopathological features of early AD are recapitulated in these animals (24, 25) . The mice do not form plaques but do have A␤ deposits that follow the anatomic selectivity seen in AD and resemble the early AD-like deposition that is observed in early adult Down's syndrome (DS, trisomy 21) brain. Indeed, individuals with DS overexpress ␤-APP, the gene of which is located on chromosome 21, at levels similar to the low-expressing transgenic mice (23, 26) . Because individuals with DS develop AD in middle age, pathological changes seen in young-adult DS provide a view of early AD (27, 28) . Neither neurofibrillary tangles nor the overt neuronal losses that are major observations in the human disease have been observed in any of the ␤-APP transgenic mice, although neuritic and synaptic changes are observed (29, 30) .
The cardinal feature of AD is dementia, beginning with memory impairment early in the disease course. Clearly, testing clinical relevance of observed histological and biochemical cor-relates of the disease as well as testing candidate therapeutic approaches require a model of the behavioral aspects of AD. Success in reproducing behavioral aspects of AD has proved to be more difficult than obtaining a deposition model (19, 21) . A number of factors contribute. These factors include the inherent difficulty of accurate and specific measurement of a behavioral endpoint, strong effects of parental strain, and mixed backgrounds used in many of the ␤-APP transgenic lines (21, 31) . Although a variety of behavioral changes have been described in the plaque forming ␤-APP-overexpressing mice, severe impairments appear well before plaques (refs. 16, 32 , and 33, see also ref. 13 ).
Here we describe a specific and progressive learning and memory impairment in the neuron-specific enolase:␤-APP 751 mice. The profile and selectivity of the memory disturbance reproduces our previous findings in aged mice from one of these pedigrees (34) . We now report that the deficit is evident already in young mice and increases in an age-dependent manner. It was highly expressed in one pedigree and in a similar but milder and later-appearing form in another one. Our results further confirm that plaque formation is not necessary for memory impairment in the ␤-APP-overexpression models. ␤-APP elevation, isoform misexpression, soluble A␤, or intracellular peptides may cause the behavioral deficit.
Materials and Methods
Transgenic Mice. The generation of transgenic mice carrying human ␤-APP 751 cDNA under the control of the rat neuronspecific enolase promoter is described elsewhere (23) . Male homozygous transgenic mice originating from two different founder mice (F10 and F15 pedigrees) were used. JU mice of the parental inbred strain served as WT controls. Mice were 3 (n ϭ 12 WT; n ϭ 13 F10; n ϭ 11 F15), 6 (n ϭ 8 WT; n ϭ 9 F10; n ϭ 16 F15), or 24 months old (n ϭ 10 WT; n ϭ 7 F10; n ϭ 8 F15) at the start of the behavioral experiments. Animals were housed in groups (2-5 mice per cage) in temperature-and humiditycontrolled rooms with ad libitum access to food and water. All experiments were carried out blinded with respect to the genetic status of mice.
Behavioral Testing. Morris water maze (MWM).
The spatial learning abilities of mice were assessed in the MWM task (35) modified for use in mice. The water maze consisted of a metal circular pool (diameter, 80 cm; height, 30 cm), the upper part of which was surrounded by a 40-cm-high Perspex wall and filled with water (25°C) in which a circular escape platform (11 cm in diameter) was hidden 0.5 cm below the surface of the 25-cmdeep water. The maze was located in an experimental room rich in environmental cues. Mice were trained in six daily sessions consisting of four trials that were started from four cardinal points of the compass. Mice were given 60 s to find the escape platform in the center of the south-west quadrant of the pool, and if the mouse did not find the platform within this limit, it was guided onto it. All animals were allowed to rest on the platform for 15-20 s. Trajectories were monitored with a computerized tracking system (36) , and swim paths and latencies to locate the platform were evaluated. Because there was a high positive correlation between the swim paths lengths and escape latencies and no sensorimotor impairment was observed, only the latter values were used for evaluation of the animals' performance. Asymptotic latency was taken as the average latency on days 4-6 when no significant difference between days occurred. Probe trials were run as fifth trials on days 4 and 6, during which the platform was removed from the maze and the mice were allowed to swim freely for 60 s before they were removed from the pool. The percentage of time spent in the quadrant where the platform was in previous trials was calculated and compared with the percentage of time spent in other quadrants of the maze. A reversal experiment was made on day 7 when the platform was placed into the opposite side of the pool (north-east quadrant), and the mice were given six trials to find it.
Dry arena tests. Adaptation of these tests for mice has been described in detail (37) . Briefly, dry arena tests consisted of 10 min of open field exploration on a metal circular arena (80 cm in diameter surrounded by a 40-cm-high Perspex wall) on day 1. The most visited 60°segment of the arena was used on the following days as the punished segment (PS), the entering of which was punished by a puff of compressed air passing over the segment from the periphery to the center of the arena. The first session was followed on day 2 by 10 min of passive avoidance (PA) training on a stable arena. This 10-min PA session was repeated on day 3. Two hours later the mice received the first 10-min active avoidance (AA) training on an arena rotating at 1 revolution per minute. In AA sessions, the mouse was punished by an air puff whenever it either actively entered the PS of the arena or allowed to be passively transported into it by the rotation of the arena. Two 10-min AA sessions separated by a 2-hour interval were administered on day 4, and the fourth AA session concluded the experiment on day 5. The PS was stable in respect to the room frame in avoidance tests. Time to the first entrance to the PS, the longest time between two subsequent entrances into the PS, total number of entrances into the PS, total time and path length spent in the PS, as well as overall total path length were evaluated. Both passive (rotation of the arena) and active (walking, running) movements contributed to the path length measured in the coordinate system of the room.
Statistical analysis. The analysis was performed with the STATISTICA software (StatSoft, Tulsa, OK). The data from Figs. 1-3 were evaluated by two-way ANOVA with repeated measures on one factor followed by Newman-Keuls posthoc tests and individual contrasts where appropriate. The differences between means were accepted as significant at the P Ͻ 0.05 level.
Results

MWM.
Acquisition. The ability of mice to acquire, process, and recall spatial information was assessed in the modified MWM test by using escape latency as an indicator of learning. Agedependent learning and memory deficits were revealed in both pedigrees of the ␤-APP 751 transgenic mice, but the impairment was more severe and reached statistical significance only in the F15 pedigree.
The performance of the 3-month-old mice significantly improved over the 6 training days in all groups (Fig. 1a) , although the between-group differences were clear at this early age already. Two-way ANOVA rendered significant main effects of groups F(2,33) ϭ 18.91, P Ͻ 0.01, days F(5,165) ϭ 60.44, P Ͻ 0.01, and no significant interaction F(10,165) ϭ 0.87, P ϭ 0.56. Post hoc tests showed that the F15 pedigree had significantly longer escape latencies than the WT mice on days 1-6. The respective asymptotic levels on days 4-6 were 24.2 and 9.7 s, P Ͻ 0.01. The asymptotic performance of the F10 pedigree was significantly different from F15 (P Ͻ 0.01) but not from WT mice (P ϭ 0.07; Fig. 1a) .
The learning impairment of the F15 mice was expressed clearly at the age of 6 months. Two-way ANOVA revealed significant main effects of groups F(2,30) ϭ 24.25, P Ͻ 0.01, days F(5, 150) ϭ 23.31, P Ͻ 0.01 and not significant interaction F(10,150) ϭ 1.01, P ϭ 0.45. Post hoc tests showed that escape latencies of the F15 pedigree were not reduced significantly during the 6 days of training (asymptotic level, 40.8 s) and were different from the latencies of the WT mice on days 1-6 and of the F10 mice on days 2-6. On neither day were the F10 mice significantly different from WT mice (Fig. 1b) .
Although essentially similar results were obtained in the 24-month-old F15 mice as in 6-month-old animals, the F10 pedigree did not differ from either the F15 or the WT mice, assuming an intermediate position between them (see Fig. 1 b  and c) . Two-way ANOVA of the results obtained in 24-monthold animals (Fig. 1c) revealed significant main effects of groups F(2,22) ϭ 10.40, P Ͻ 0.01, days F(5,110) ϭ 22.77, P Ͻ 0.01, as well as significant interaction F(10,110) ϭ 1.96, P ϭ 0.04. Post hoc tests showed that escape latencies of the F15 pedigree did not improve during the training and remained significantly above the corresponding WT values on days 2-5 and were only marginally nonsignificant on day 6, P ϭ 0.06. The learning curve was slowed down markedly in the F10 pedigree, the latencies of which differed neither from those of the F15 pedigree on days 1, 2, 3, 4, and 6 nor from the WT latencies on all days. The performance of the F10 pedigree gradually improved, and their escape latencies on days 5 and 6 were significantly shorter than on day 1 and approached those of the WT mice.
Asymptotic latency (expressed as average latency on days 4-6) increased with age from 9.7 Ϯ 0.8 s in the 3-month-old to 21.2 Ϯ 2.2 s in the 24-month-old WT mice. This increase was much steeper in the F15 mice (from 24.2 Ϯ 3.9 to 40.9 Ϯ 4.3 s) than in WT mice, but this was not the case in the F10 mice (from 15.9 Ϯ 1.6 to 27.4 Ϯ 4.0 s). It should be noted that even though no statistical difference between F10 and WT mice was observed at any age, the mean values of the escape latencies of F10 pedigree were higher compared with WT mice on days 1-6 at all ages studied.
Reversal trials. The reversal training was used to distinguish goal-directed navigation from search strategy. With the platform moved to the opposite quadrant of the pool, it was expected that escape latency of the first trial would increase in previously well performing animals but remain unchanged in the impaired mice.
The results were evaluated by two-way ANOVA comprising the mean escape latencies on day 6, the first reversal trial on day 7, and reversal trials 3-6 on day 7. Analysis of the reversal results in 3-month-old (Fig. 1a) and older ( Fig. 1 b and c) mice indicated that the escape latency of the first reversal trial was significantly longer than the mean escape latency of day 6 and mean of the last four trials on day 7 only in the WT mice. F10 and F15 mice did not show a similar increase of the escape latency on the first reversal trial, indicating impaired performance of the transgenic mice. In contrast, WT mice showed significantly increased reversal latencies in all examined age groups, even against the 20-s asymptotic latencies of the 24-month-old mice (P Ͻ 0.05). This result shows that the age-related increase of escape latencies in the WT mice does not reflect substitution of place navigation by search strategy, i.e., by swimming over a circular trajectory traversing all possible target positions. The latter strategy is not affected by the changed position of the platform, which interferes with well trained place navigation.
Probe trials. Search of the hidden platform can be terminated by chance contact with the target. Therefore, goal-directed search pattern can be better distinguished in probe trials when the animals are allowed to search the platform for 60 s in an empty maze. Because later stages of the 1-min search can be influenced by a failure to find the goal at the expected location during the first half of the probe trial, the percentage of time spent in different quadrants of the pool during the first 30 s was used to assess the effectiveness of the animals' search of the position of the goal.
Probe trial experiments revealed learning deficits in the F15 pedigree at all ages studied, whereas spatial learning abilities of the F10 pedigree were found to be impaired only at 24 months of age.
At 3 months of age, the groups did not differ significantly from each other on day 4, but only the WT and F10 mice spent significantly more than 25% of search time in the target quadrant (Fig. 2a) . WT mice spent significantly more time in the goal quadrant than the age-matched F15 mice on day 6 [48% compared with 31%, F(2,33) ϭ 4.86, P Ͻ 0.05].
The 6-month-old F15 mice spent significantly less time in the goal quadrant than the F10 and WT mice on both days 4 and 6 [day 4: F(2,29) ϭ 4.59, P Ͻ 0.05; day 6: F(2,30) ϭ 4.56, P Ͻ 0.05]. No significant difference was found between the F10 and WT mice (Fig. 2b) .
The 24-month-old transgenic pedigrees spent significantly less time in the goal quadrant than WT controls [F(2,21) ϭ 3.80, P Ͻ 0.05] in the first probe trial. The second probe trial on day 6 revealed no differences between groups. All groups spent more than 25% of time in the goal quadrant, but the difference was significant only in the WT mice (Fig. 2c) .
Dry Arena. The dry arena tests were used to examine the spatial memory of the mice under conditions differing from the MWM test. While in the MWM task the animals learn to display aversively motivated place preferences for small, safe places in the maze; in the dry arena tasks they learn to avoid a punished place (37) . In the PA task the mice learn to inhibit a locomotor response leading to punishment. In our study, the mice learn to refrain from visiting a particular segment of the stable arena. In the AA task the mice learn to avoid the same segment of the rotating arena not only by not visiting it but also by not allowing to be passively transported into it. The dry arena tests thus differ from the MWM by the character of the learned response, the relative size of the safe and punished surface, and continuous versus distributed learning.
Although the dry arena tests were influenced differentially by age (passive place avoidance improved, whereas active place avoidance deteriorated with age), no significant differences between the WT and transgenic mice could be detected in any of the parameters studied.
In the initial exploration test WT mice walked Ϸ20 m during 10 min. Activity was distributed rather uniformly over the whole surface of the arena, and the latency of the first entrance (FEL) into the future prohibited sector was 25 s. Similar results were obtained in the transgenic groups at all ages examined (Fig. 3) .
FEL remained unchanged in the first session (P1) of the subsequent PA training but increased in the second session (P2) to 90 s in the youngest and 240 s in the oldest WT mice. Fig. 3 indicates that the PA strength increased with age and was expressed best in the 6-and 24-month-old mice. Two-way ANOVA of the P2 data (group x age) showed significant main effects of age [F(2,79) ϭ 3.79, P Ͻ 0.05] and groups [F(2,79) ϭ 3.54, P Ͻ 0.05], and significant interaction [F(4,79) ϭ 2.86, P Ͻ 0.05]. The only significant between-group difference obtained in post hoc tests indicated that PA was more expressed in the 3-month-old F15 mice than in the WT mice (P Ͻ 0.05).
Transition from PA to AA was smooth in the 3-month-old mice, which continued to avoid the room frame sector punished on stable arena even when the arena started to rotate and different segments of the rotating arena floor were passing through this sector. Rotation elicited a sudden decrease of FEL from 220 to 60 s in the 6-month-old and from 250 to 35 s in the 24-month-old WT mice, indicating that these animals solved the PA task by avoiding the punished area of the floor rather than a certain position in the room. Although the FEL of the 6-month-old mice improved in the fourth AA session to 280 s, it reached only 105 s in the 24-month-old WT mice, which seemed unable to master the task. Two-way ANOVA of the A1 data showed a significant main effect of age [F(2,79) ϭ 5.77, P Ͻ 0.01] but not of groups [F(2,79) ϭ 1.50, P ϭ 0.22] and no significant interaction [F(4,79) ϭ 1.04, P ϭ 0.39]. Essentially similar results were obtained by ANOVA of the A2-A4 data (Fig. 3) .
Discussion
This study demonstrates that neuronal overexpression of human ␤-APP 751 isoform at the levels observed in DS patients (26, 23) results in specific spatial learning and memory deficits that are Fig. 3 . The FEL (mean Ϯ SEM) into the prohibited sector of the arena (ordinate) during successive sessions of the dry maze tests (abscissa) administered to the F15 (dotted line), F10 (full line), and WT (dashed line) mice aged 3, 6, and 24 months. E, exploration; P1 and P2, first and second passive place-avoidance sessions, respectively; A1-A4, first to fourth active placeavoidance sessions, respectively.
age-related and observed in more than one pedigree. The previous study on 6-and 12-month-old F10 pedigree of ␤-APP 751 transgenic mice has shown that the mice do not have gross motor, physiological, or behavioral impairments that could confound the interpretation of the data obtained in the learning paradigms (34) . Most importantly, our transgenic animal model does not develop amyloid plaques (24, 25) , suggesting that increased levels of soluble A␤40͞42, abnormal isoform expression in neurons, neuronal or secreted ␤-APP holoprotein, or its proteolytic fragments other than A␤40͞42 are involved in development of cognitive deficits. Several possible mechanisms for ␤-APP-induced behavioral deficits exist. Liu et al. (38) reported that in the hippocampus, nanomolar concentrations of A␤40 and A␤42 block the response of ␣7-containing nicotinic receptors, which are thought to mediate synaptic currents (39, 40) and modulate transmitter release (41, 42) , thereby contributing to spatial memory and working memory formation. In addition, the ␤-APP holoprotein inhibits heme oxygenase-produced carbon monoxide (7), which has been reported to alter long-term potentiation (43) (44) (45) . The role of ␤-APP holoprotein is supported also by findings showing increased mRNA for ␤-APP 751 and ␤-APP 770 in the brains of aged rats with spatial memory deficit but not in rats without impairments (46) . Finally, our animal model shows an age-related increase of extracellular amyloid deposits associated occasionally with phosphorylated tau and even local gliosis (24) , suggesting that inflammatory mechanisms, which may interfere also with learning and memory functions (47, 48) , are activated in ␤-APP-overexpressing mice.
Previous studies with transgenic mouse lines expressing mutated ␤-APP have demonstrated that the development of at least some of the cognitive deficits correlates with accumulation of amyloid plaques during aging (33) . A strong support for the relationship between the plaques and behavioral deficits comes from the elegant studies by Janus et al. (17) and Morgan et al. (18) , who demonstrated that A␤ peptide vaccination, which reduced amyloid burden in the brain without changes in the levels of ␤-APP holoprotein or A␤40 and A␤42, reduced behavioral impairment in animal models of AD. However, the reversal of the cognitive dysfunctions was not complete. The APP 751 transgenic mice of the present study have no amyloid plaques even at very advanced (22 months) age but develop sparsely distributed, small A␤42-immunoreactive A␤ deposits in the hippocampus, cortex, and amygdala during aging (24) . In addition, our preliminary ELISA assays for brain A␤ in the 24-month-old ␤-APP 751 mice have shown concentrations that are 2,000 times lower than in 6-month-old ␤-APP͞presenilin-1 bigenic mice, which lack both amyloid plaques and cognitive deficits (M.K., unpublished observation; J. Puoliväli, personal communication). Altogether, our findings raise a possibility that neither extracellular amyloid plaques nor substantially increased levels of soluble A␤ are required for age-related impairment of cognitive functions caused by aberrant expression of ␤-APP 751 in these mice and possibly in patients with DS and AD.
Several previous studies have demonstrated that cognitive deficits such as impairment in Y-maze alternation, eight-arm radial maze, circular platform, and visible platform test of the water maze can be demonstrated before the appearance of amyloid plaques. These observations were made in transgenic mice overexpressing mutant ␤-APP with or without coexpression of mutant presenilin-1 (13, 16, 32, (49) (50) (51) (52) . Because the mice carrying mutated ␤-APP transgenes have elevated brain ␤-APP and A␤ levels throughout their adulthood, elevated neuronal ␤-APP expression may be responsible, at least partially, for the learning deficits in these mice. The finding that transgenic mice overexpressing FAD-linked M146L or L286V variants of presenilin-1 have a modest and selective increase in brain A␤42 levels but no cognitive deficits (53) also supports our notion that APP protein may have a role in the development of cognitive dysfunctions.
In our previous study of the F10 pedigree ␤-APP 751 mice, longer water maze acquisition latencies were detected in transgenic mice at the age of 6 and 12 months, whereas in probe trials only the 12-month-old transgenic mice spent significantly less time in the goal quadrant compared with the WT mice (34) . In the same study a similar age-dependent deficit of F10 mice was seen in a spontaneous alternation test, which involves working memory. Our present results confirm the progressive development of learning and memory deficits in the F10 pedigree and demonstrates similar but more severe impairments in another (F15) pedigree with an earlier onset. Because the expression level of the transgene is comparable in both pedigrees (23) , the difference in the severity of the cognitive impairment might be caused by differential insertion of the transgene into the genome or to a small difference in expression levels. Overall, slightly different time courses of cognitive impairment in F10 and F15 pedigrees suggest that, in general, conclusions from behavioral studies using only one transgenic line should be drawn with caution.
Although spatial memory tested in the MWM showed marked deterioration in the transgenic mice, no corresponding deficit was found in the passive and active place-avoidance tests on dry arena. This result shows that ␤-APP overexpression did not elicit largescale dementia but resulted in rather limited cognitive failure disrupting some but sparing other forms of spatial memory.
Performance of WT mice deteriorated with increasing age in the MWM and active place-avoidance task but not in the passive place-avoidance task. This may be because of the fact that substratal idiothesis plays an important role in the latter task but is almost negligible in the MWM and active place-avoidance task, which mainly depend on visually mediated allothesis (54) . If ␤-APP overexpression interferes mainly with allothetic navigation, it may disturb MWM but leave passive place-avoidance unaffected. The greater resistance to the ␤-APP overexpression in the active place avoidance on the dry arena than in the water maze may be caused by the lesser demands of the task and higher level of training. Consistent with this observation, F10 mice performed well in simple memory tests, and impairment was detected in assays of increasing complexity (34) . Further analysis of the dissociation of the ␤-APP effect on the MWM task and on the dry arena AA may shed more light on the mechanism of the underlying deficit.
In summary, our present results confirm that mild overexpression of ␤-APP in neurons confers an age-dependent, progressive, and specific memory impairment independent of plaque formation. Clear differences in age of onset and severity of the behavioral phenotype in two pedigrees expressing the transgene at similar levels underscores the need to study multiple transgenic lines.
